Slowly growing Escherichia coli cells have a simple cell cycle, with replication and progressive segregation of the chromosome completed before cell division. In rapidly growing cells, initiation of replication occurs before the previous replication rounds are complete. At cell division, the chromosomes contain multiple replication forks and must be segregated while this complex pattern of replication is still ongoing. Here, we show that replication and segregation continue in step, starting at the origin and progressing to the replication terminus. Thus, early-replicated markers on the multiple-branched chromosomes continue to separate soon after replication to form separate protonucleoids, even though they are not segregated into different daughter cells until later generations. The segregation pattern follows the pattern of chromosome replication and does not follow the cell division cycle. No extensive cohesion of sister DNA regions was seen at any growth rate. We conclude that segregation is driven by the progression of the replication forks.
Escherichia coli chromosome replication initiates once per cell cycle from a unique origin of replication and proceeds bidirectionally to a terminus region on the opposite side of the circular DNA (16) . Dingman proposed a novel model for E. coli chromosome segregation based on this observation (3) . In this model, the replication machinery was tethered to the cell center. The chromosome was drawn through the anchored forks, and the newly replicated sister duplexes were pushed in opposite directions toward the cell poles to form two new chromosome masses. Thus, segregation occurred concomitantly with replication and proceeded progressively from origin to terminus. This idea received support from experiments that showed that the replicative DNA polymerase was located at the cell center in Bacillus subtilis (11) . Evidence for a central replication "factory" has also been reported for E. coli (8, 9) .
The mode of segregation has become more accessible due to the development of marker-specific fluorescence labeling techniques (4, 12, 15, 17) . Some results suggested a picture of chromosomal segregation in E. coli radically different from that predicted by Dingman. Segregation appeared to be a discontinuous process, resembling eukaryotic chromosome segregation (2, 6, 19) . It was deduced that the chromosome replicated to form a joint structure, with most chromosomal loci remaining paired after replication. Segregation then occurred as an independent process, with all or much of the chromosome coming apart from its sister in a single concerted event. The evidence for concerted chromosome segregation following extensive sister chromosome cohesion was based on findings that, for most markers around the chromosome, there were far fewer fluorescent foci than the number of predicted copies of the locus. It was concluded that sister regions of the chromosome remained paired after replication for an extended period so that the two sister loci would appear as one focus through much of the cell cycle (2, 6, 19) . Because for different loci much the same number of foci were found in all but the oldest cells, it was also concluded that segregation of the cohesive sister loci occurred as a concerted event in which most markers came apart at the same time. Recent studies question these conclusions. Using the phage P1 green fluorescent protein (GFP)-ParB/parS labeling system, we showed that 14 markers spaced around the chromosome segregated in their order of replication in slowly growing cells and that segregation occurred relatively soon after replication for most markers (14) . Evidence for progressive segregation in slowly growing cells has also been presented recently, using a fluorescent repressor/operator detection system (20) . It is likely that the apparent eukaryote-like segregation seen in the earlier studies was primarily an artifact of inefficient focus detection.
Although marker segregation appears to occur concomitantly with replication, two alternatives seem evident. Segregation might divide the nucleoid mass in two in each cell division cycle, starting with the origin sequences and progressing to the terminus, in a fashion timed to follow replication but not directly governed by it. Alternatively, segregation might be directly coupled to replication, as proposed in the Dingman model, so that sister regions that emerge from the replication forks are always directed into separate masses. Here, we address this question by studying chromosome segregation in fast-growing cells, where replication is uncoupled from the cell division cycle.
In slowly growing cells, only one origin is initiated and a single chromosome is duplicated, resulting in two chromosomes that are separated into two daughter cells. These cells have a combined replication period (C period) and postreplicational period (D period) that are equal to or less than the interdivision time (5) . In order to produce sufficient numbers of chromosomes to keep up with the cell mass increase at high growth rates, the cells initiate new rounds of replication scheduled for future cell division events before previous rounds are ended (5) . Thus, the replication of many markers occurs in generations before the cell divides. The C-D period exceeds the interdivision time, and replication is initiated from two or more origins simultaneously (5, 18) . Under such conditions, when the C period is longer than the generation time, the cells have chromosomes with multiple replication fork pairs and the chromosomes are constantly replicating. The region around the origin of replication may be present in 8 or even 16 copies in dividing cells. The patterns of chromosome segregation under these conditions are unknown. Do the highly reiterated regions stay together and does the total genomic content split progressively in two during each cell division cycle, or is each chromosome region segregated as it is replicated? In the latter case, segregation would occur in generations prior to the one in which the duplicated regions are placed in separate cells.
MATERIALS AND METHODS
Bacterial strains and media. The strains used were derivatives of E. coli MG1655 with P1 parS inserted at 13 different positions around the chromosome (14) . The GFP-⌬30ParB protein was expressed from pALA2705 (14) . Cells were grown at 32°C in LB medium or minimal AB medium supplemented with 0.2% glucose, 0.05% Casamino Acids, 1 g/ml thiamine, and 1 g/ml uracil. Both media were supplemented with 100 g/ml ampicillin to ensure retention of the GFP-⌬30ParB-expressing plasmid. Strains were grown exponentially for at least 6 generations to a final optical density at 600 nm of 0.1 before samples were taken for microscopy and flow cytometry.
Microscopy. From a growing culture, 1.5 ml was harvested and centrifuged for 2 min at 13,200 rpm, and the cell pellet was resuspended in 20 l of medium. Eight microliters of the concentrated cells was placed on a polylysine-coated glass slide and covered with a coverslip, and the cells were immobilized by pressing the coverslip at ϳ9 kg/cm 2 for 6 seconds. Microscopy was carried out on a Nikon Eclipse E-1000 microscope equipped with a Nikon C-CU Universal condenser, a Nikon Apo TIRF 1.49-numeric-aperture 100ϫ objective, a Semrock GFP-3035 brightline zero band pass filter cube, and a Hamamatsu Orca-ER c4742-95 charge-coupled device camera. Images were acquired using Openlab 4.2 software.
Automatic measurement of cells and foci. Phase-contrast images were used for cells grown in glucose medium. A single fluorescence exposure was sufficient to see the fluorescence signal from all foci in these cells. Due to the additional thickness of cells grown in LB medium, three Z planes were used in order to ensure detection of the signal from all foci present. The three layers were merged into a single image using the maximum-intensity extended depth of field procedure in Image Pro Plus 6.1. Differential interference contrast microscopy was used to visualize the cells grown in LB medium.
The length of each cell, the number of foci, and the positions of the focus centers relative to the long cell axis were measured automatically using the Image Pro Plus 6.1 image analysis program. The relevant features of the program were linked by macro programming to adapt them to the specific task at hand. The counted cells were then inspected manually, and changes were made to the data when cells with an incorrect focus count were found. At least 200 cells were inspected for each strain and growth condition. Flow cytometry. Cells for flow cytometry were harvested directly from the exponentially growing culture. For runoff samples, cells were treated with rifampin and cephalexin to final concentrations of 200 g/ml and 36 g/ml, respectively, and incubated for 4 h at 32°C. The runoff cells were used directly for microscopy or washed twice in buffer (1 mM EDTA, 10 mM Tris HCl, pH 7.4), fixed in 70% ethanol, and stored at 5°C for analysis by flow cytometry. These cells were subsequently washed once in 1 ml of 0.01 M MgCl 2 , 0.01 M Tris, pH 7.5. The cells were then centrifuged, and the pellet was suspended in 100 l of buffer. Mithramycin A and ethidium bromide were added to final concentrations of 100 g/ml and 20 g/ml, respectively. The cells were left at 4°C in the dark for 1 h. The DNA content distributions were then determined in a flow cytometer (Bryte SH; Bio-Rad, Hercules, CA) equipped with a 100-W Osram mercury short-arc 
RESULTS
The cell cycle. Strains carrying parS sites at various chromosomal locations were grown in either minimal AB glucose medium supplemented with Casamino Acids or in LB medium. In the former, the cells grew with a doubling time of 55 min at 32°C. Flow cytometry gave a C period of 55 min and a D period of 44 min (Fig. 1) . Thus, the majority of these cells have four origins and two termini. The chromosomes replicate continuously and have two to six replication forks. The average dividing cell contains two chromosomes, each with two origins. The two chromosomes are approximately 80% replicated (Fig. 1) . Note that the D period in E. coli K-12 strains is considerably longer than that observed in strain B/r in the classic studies of Helmstetter and Michelsen et al. (5, 13) . Cells grown in LB medium had a doubling time of 27 min at 32°C. Flow cytometry gave C and D periods of approximately 41 and 47 min. The majority of these cells have eight origins and two or four termini. Chromosomes replicate continuously and have 4 to 12 replication forks (a total of 8 to 24 forks per cell). The average dividing cell contains four chromosomes, each having four origins, two replication forks that have traversed 80% of the distance to the terminus, and four forks that have traversed 20% of the distance (Fig. 1) .
Strains containing only the parS site without a plasmid, as well as a wild-type MG1655 strain, were also analyzed in the flow cytometer and gave results identical to those for strains containing GFP-ParB/parS (data not shown). Thus, as we have seen in minimal glycerol medium, the labeling system does not affect the cell cycle at higher growth rates at low induction.
The numbers derived from the flow cytometry are population averages. There will be considerable cell-to-cell variation in the timing of cell cycle events. Thus, for example, some cells will initiate early and have 16 origins in the case of LB medium. We demonstrate this below. At both growth rates, a variation coefficient on the timing of initiation of 20% was found. This is in agreement with our previous studies, as well as earlier studies on cell-to-cell variations (7) .
Detection of foci. The P1 GFP-ParB/parS labeling system is very efficient, and the number and positions of fluorescent foci on October 31, 2017 by guest http://jb.asm.org/ in slowly growing cells can be determined automatically with high efficiency (14) . However, the fastest-growing cells studied here had considerably more foci (Fig. 2) , and the automatic counting method that we used failed to resolve some of these. We therefore visually inspected and manually corrected the automatic counts where necessary. The efficiency of focus detection can be determined by counting foci in cells treated with rifampin and cephalexin (the runoff procedure). These cells have fully completed chromosomes and have completed segregation so that all loci are equally represented and should contain corresponding and predictable numbers of foci (14) . Figure 3 shows the results of runoff for a marker near the terminus of replication in cells growing in glucose-Casamino Acid medium. During the runoff period, the chromosomes transition from their partially replicated state to produce four or, in a few cells, two complete, separate chromosomes. If each locus is visible as a focus, there should be equivalent numbers of foci in runoff cells irrespective of whether the origin or the terminus is marked. The origin marker should show only a modest increase in the number of foci during the runoff period, reflecting any completion of segregation in the absence of replication. The number of foci for the terminus marker should increase sharply, however, reflecting completion of both replication and segregation. This effect is clearly seen in Fig. 3 . From the flow cytometry measurements, there should be an average of 3.48 chromosomes per cell in the population. The observed values were 3.1 for the origin marker foci and 3.2 for the terminus. Thus, the efficiency of focus detection in these cells was approximately 90%.
Microscopy of runoff cells grown in LB medium revealed an average of 8.3 foci for the origin-labeled strain and 8.5 for the terminus-labeled strain. These numbers are close to the 9.1 origins per cell we found from flow cytometry of the same cells, giving an efficiency of focus detection of approximately 90% also.
Number of foci. We counted the foci in 13 strains carrying the parS site at 13 different positions on the chromosome. Microscopy of the cells growing exponentially in the glucoseCasamino Acid medium revealed cells containing from one to four foci depending on the labeled locus. Cells labeled at or close to the origin had more foci than cells labeled closer to the terminus. This pattern was also observed in cells grown in LB medium, even though they had more than twice the number of foci. Figure 4 shows histograms of the numbers of cells containing a given number of foci for the cells grown in LB medium. As expected, we see that the number of foci decreases as the distance of the marker from the origin increases. This applies to both the left and right arms of the chromosome. Thus, the number of foci present in the cells reflects the replication order of the markers. Note that the cells do not always contain a number of foci corresponding to 2 n , as would be the ideal case if detection was 100% efficient and all initiation, replication progression, and segregation events were perfectly synchronous. This is expected, however, as the progression of replication is a stochastic process and the exact times of replication of a given marker are bound to differ for different replication forks. Furthermore, the efficiency of detection, even when it is as high as 90%, has a dramatic effect when there are so many foci in the cell. For an eight-focus cell, the 90% focus detection efficiency results in a 53% chance of scoring the cell as a seven-or six-focus cell.
Segregation is progressive in fast-growing cells. We previously determined the time of segregation for markers in slowly growing cultures by plotting the fraction of cells with segregated foci versus the cell age for several cell age classes. This created sigmoidal separation curves. By fitting these to a cumulative normal distribution, the mean value was then the average age at focus separation (14) . This method works well for slowly growing cells where separation is simply indicated by the presence of two foci rather than one. At higher growth rates, this method is problematic, however, because many cells have segregated some of the sister focus pairs but not others. We therefore used an alternative method. We took the overall average number of foci per cell in each population and used the equations derived by Helmstetter (5) the chromosome segregates linearly with time with a high degree of statistical significance. From the slope of the regressions, we calculated the rate of progression of separation around the chromosome for the two growth rates. In glucose-Casamino Acid, this rate was 38.3 kb/min. The rate of replication under these conditions was 42.2 kb per fork per minute. In LB medium, 60.2 kb of DNA was separated per minute at each fork compared to a replication rate of 56.5 kb/min. These values for rates of replication and segregation progression are very similar, as is illustrated by the almost parallel separation and replication lines in Fig. 5 .
Delay between replication and segregation. As seen in slowly growing cells (14) , a delay was observed between replication and segregation of loci at both of the higher growth rates (Fig.  5 ). This delay was very similar for all markers except the terminus. Figure 5 shows the deduced time-of-replication curves for the respective growth conditions as determined by flow cytometry. By comparing the regression lines in Fig. 5 with the timing of replication, we get an average delay between replication and segregation of 12.8 min, or 0.23 generation, in glucose-Casamino Acid medium and 5.9 min, or 0.22 generation, in LB medium. We previously found a period of sister locus cohesion of 0.17 generation (20 min) in minimal glycerol medium (14) . Although these delays are quite different in duration, they are very similar as a proportion of the cell cycle. This could reflect a common separation mechanism linked to the growth rate of the cell, or as discussed below, it could be a direct consequence of the efficiency of focus detection.
DISCUSSION
We have shown here that separation of sister regions of the chromosome follows soon after their replication, even when the replication event occurs in one or even two generations prior to that in which those regions end up in separate cells. The same rule also applies to low growth rates: generation times of 115 min (14) and greater than 180 min at 32°C (data not shown). Moreover, the rate at which the separation progresses around the chromosome is equal or very close to that at which the replication forks proceed, and the delays between replication and visible segregation are short and very similar for all markers except the terminus. Segregation is therefore directly coupled to replication and could well be driven by it, as originally suggested (3, 10) . A short delay between replication and visible separation of the chromosome is inevitable, as the local regions coated with ParB-GFP are quite extensive (14) and some time will pass between replication and the formation of two visibly separate foci.
Why, then, have other studies indicated that segregation is a discontinuous process, resembling eukaryotic chromosome segregation? The key to these conclusions has been evidence for extensive sister chromosome cohesion following replication. Using fluorescence in situ hybridization, it was found that there were far fewer fluorescent foci for most markers around the chromosome than the number of predicted copies of the locus. It was therefore concluded that sister regions of the chromosome remained paired after replication for an extended period, so that the two sister loci would appear as one focus through much of the cell cycle (2, 19) . As for most loci much the same numbers of foci were found in all but the oldest cells, it was also assumed that segregation of the cohesive sister loci occurred as a concerted event in which most markers came apart at the same time.
We believe that our conclusions differ from those described previously largely because of a better estimate of the number of fluorescent foci present in the cells. Any underestimation will result in an apparent delay of segregation. Even with a 90% focus detection efficiency, as achieved here, the missing foci would result in an apparent delay of 15% of the cell cycle without any actual delay. A focus detection efficiency of 50% would result in an apparent delay of an entire generation and would greatly complicate interpretation of the results. As it is inherently easier to detect multiple foci in large cells than in small ones, inefficiency of detection will also give the false impression that most segregation events occur relatively late in the cell cycle.
For all growth rates we have looked at, we observed a delay between replication and segregation of approximately 20% of the generation time. Most of this (15%) is simply due to the efficiency of focus detection. The remaining 5% likely reflects the time it takes for replicated loci to separate enough that they can be distinguished. Thus, segregation appears to follow replication as closely as is reasonably possible to detect. We conclude that segregation either occurs as a direct consequence of replication or is rate limited by it.
Segregation does not conform to the cell division cycle but rather follows the replication cycle of the chromosome, even if it extends over more than one cell generation. Our observations are incompatible with an idea of extended sister chromosome cohesion or concerted segregation of much of the chromosome. Thus, E. coli chromosome segregation does not appear to resemble eukaryotic chromosome segregation, as has previously been suggested (2), but may be more analogous to the production of separable sister chromatids that occurs during replication in eukaryotes.
